We fabricated the Fe-18Cr-2Ni-1Mo-0.2C-0.2Mn-0.1Si heat-resistant steels containing 3 to 12% Co by casting in the presence of a rotary electromagnetic stirring (EMS). The effect of EMS on the Fe-Cr-Co steels was evaluated by the size and type of inclusions and the examination of mechanical properties. The morphology and composition of inclusions were observed, and the formation mechanism of the inclusions was analyzed through thermodynamic calculation using Thermo-Calc. The results showed that there were mainly two types of inclusions generated in the solidification process, including the Al 2 O 3 corundum and the MnO. Cr 2 O 3 spinel. The application of EMS during solidification has shown a significant effect on the exclusion of large inclusions. Both the number density and the size of inclusions decreased under the effect of EMS. The mechanical properties at elevated temperatures were investigated considering the effect of cobalt addition and EMS. The strength of the steel increased with increasing cobalt content. At 800°C, an increase in cobalt from 3 to 12% resulted in a substantial strength increase concomitant with an increase in elongation rate. EMS reduced the ultimate tensile strength but enhanced the ductility of the steels. These effects were discussed relating to an early suppression of the δ-ferrite formation and the exclusion of large inclusions.
Introduction
Many engineering applications can be subjected to high-temperature conditions in industry and science facilities. High chromium heat-resistant steels have been widely employed as structural materials for high-temperature components owing to their superior mechanical properties in resistance to heat. High Chromium component ( > 10%) in the steel ensures good corrosion resistance and a high γ → α transformation temperature. 1) Improving the microstructure of these steels is helpful to enhance the working temperature and efficiency of the applied facilities such as thermal power plants. 2) In the heat-resistant steels with ferritic structure, the reduction in toughness is a problem.
2) Therefore the second phase particles for strengthening take an important role in the high-temperature resistance. The enforcement particles need to keep their original size over a long time in order to provide suitable properties in the high-temperature region. The particles play a role as effective pinning agents to prevent microstructural coarsening in the service environment.
3) The inclusion particles are the product of chemical reactions, physical effects, and contamination that occurs during the melting and pouring process. The general content of inclusions has a big influence on the steel properties. Large inclusions are harmful and can be eliminated by some steel production technology. However, inclusions with permissible size and amount can improve the microstructure and mechanical properties. Kim revealed that the size decrease and the increase of number density of inclusions greatly refined the microstructure of as-cast steel. 4) Kiessling concluded that the permissible amount of inclusions was of technical and economic advantage, and inclusions could have a positive effect on the steel properties.
5) Chiang reported the improvement of yield strength by the rigid spherical inclusions.
6) The inclusions can be either beneficial or detrimental to the mechanical properties in different cases, in which their role depends on their size. The concept of critical inclusion size means that the inclusions above this level are harmful to steel properties. Klevebring et al. concluded that the critical inclusion size is of the order of 2.5 to 3.5 μm for steels during hot working.
7) The critical inclusion size for an interior inclusion in high strength steels is concluded as 3-8 μm.
8) Saberifar predicted the critical inclusion size of commercial 30MnVS6 steels to be 12-20 μm.
9)
Cobalt is one of the important alloying elements used in the high chromium steels. The addition of cobalt changes the phase diagram of the heat-resistant steels, which has an effect to enlarge the γ phase region. Adding cobalt sup-pressed δ-ferrite formation during high-temperature normalizing process, and broadened the limits of the chromium concentration without the formation of δ ferrite. 1, 10) Moreover, the secondary hardening of carbides in alloy steels has been recognized for a long time.
11) Cobalt retarded the diffusion by raising the Curie temperature, which inhibited the coarsening of carbides.
12) Toda et al. 13) studied the strengthening effects of cobalt in a high-temperature service condition of a 15 Cr% ferritic heat-resistant steel, and revealed that the addition of cobalt promoted the precipitation of M 23 C 6 carbide within grains and improved the short-term creep strength. Cobalt addition also improved the volume fraction of the Laves phase. 14, 15) Furthermore, the variable effects due to cobalt addition affected the mechanical properties, in the high chromium ferritic steel it enhanced the deformation resistance, ultimate tensile strength and yield stress, 16) and improved the creep properties at elevated temperature. 10) Electromagnetic stirring (EMS) has been widely applied to the solidification of metals and improve its mechanical properties. EMS has been reported to promote equiaxed grain and reduce the average grain size in various steels. [17] [18] [19] The grain refinement is helpful to improve the mechanical properties. Besides, EMS has also been reported to remove the inclusions in steel and improve cleanliness. [20] [21] [22] Also, EMS applied to the solidification of metals led to the refinement and better distribution of precipitates. 23, 24) Moreover, EMS was used to eliminate the segregation of solute elements in ingots. 25, 26) In this paper, we report on the microstructural characterization of cobalt added high chromium steel and the evaluation of its elevated-temperature strength to provide fundamental information regarding its potential application to heat-resistant steel. EMS is used to exclude large inclusions and refine the grain size, making the remnant inclusions to distribute homogeneously. The morphology and composition of the inclusions were analyzed. The stress-strain curves at elevated temperatures were analyzed together with the corresponding fracture morphology.
Materials and Methods
The effect of EMS on a high chromium heat-resistant steel containing 3 to 12% Co was evaluated by solidifying in a crucible which was attached to a rotary electromagnetic stirrer. To study the influence of cobalt addition on structure, a series of steels with different content of cobalt was melt in the crucible. Table 1 shows the steel composition in this experiment. 0.1% Aluminum was used in the melting process to remove the oxygen. The steel was melted in an induction furnace under the protection of argon gas, then cast into an ingot with the dimension of 40 mm in diameter and 120 mm in height, in a crucible with an inner part of aluminum oxide and outer part of graphite. During the solidification process, EMS was imposed on the melt. After processing, the metallographic specimens were cut in longitudinal section, polished and chemically etched. The SEM images and the energy-dispersive X-ray analysis (EDX) were carried out using an Ultra Plus field emission scanning electron microscope. Tensile tests were conducted in accordance with ISO 6892-1:2009 at room temperature, and with ISO 6892-2:2011 at an elevated temperature of 600°C and 800°C respectively. The test used a 3 mm diameter round specimen at a drawing rate of 1 mm/min.
Results and Discussion

Effect of EMS on the Microstructure and the Size of Inclusions
The morphology of ferrite grains in the Fe-Cr-Co steel ingot is shown in Figs. 1(a) and 1(b) . In the steel solidified with EMS, the refinement is evident due to the forced convection current under a rotary electromagnetic field. The appearance of the primary α -Fe phase is found to change from the large columnar dendrites obtained without EMS to small equiaxed dendrites when EMS is applied. The eutectic zone is formed along the boundaries of α grains, which made the grain shape clearly observed. respectively. The eutectic zone consists of the ferrite matrix and some carbides, which are identified as M 7 C 3 carbides. The eutectic zone is generated following a eutectic reaction when the solidifying front pushes the residual melt into the boundary regions, in which carbon enrich the region to a eutectic composition. The residual melt then decomposes into M 7 C 3 carbides and austenite through a eutectic reaction. The austenite changes into ferrite as temperature goes down. A large ellipse-shaped ferrite grain containing no eutectic carbides or inclusions is presented in Fig. 1(b) . This grain is probably developed from the δ -ferrite, a similar structure has been identified in Fe-9%Cr-3%Co steel by Yamada et al. 10) Besides, some black inclusions were presented at the interface between this δ -ferrite grain and the surrounding grains.
EMS has a considerable effect to refine the α -ferrite grains (Figs. 1(a) and 1(b)), which is mainly caused by the breaking of dendrite arms under a strong stirring during solidification. Figure 2(a) shows the size distribution of ferrite grains. In the specimen without EMS, the grain width ranges from 30 μm to 170 μm. The peak value of the distribution, which indicates the highest probability density, corresponds to the range of 90-100 μm. In the specimen with EMS, the grain width ranges from 20 μm to 100 μm. The peak value of distribution corresponds to the range of 40-50 μm. The grain size refinement of α -ferrite is profound under the effect of EMS.
It is further evident from Fig. 1 that the amount and size of the inclusions both decreased when EMS is applied. These are taken from the center of the ingot mid-plane 90 mm from the base. In the sample without EMS, a plenty of inclusions are formed, and some particles form clusters ( Fig. 1(a) ). However, the number and size of inclusions decrease considerably due to the applied EMS ( Fig. 1(b) ). Figure 2 (b) presents the size distribution of the inclusions (Mean diameter) in Fe-18%Cr-6%Co specimens. The peak value corresponds to the range of 3-4 μm in both the two specimens. The mean diameter ranges up to 22 μm in the specimen without stirring, while it only ranges up to 10 μm under the effect of EMS. Besides, the number density of the inclusions are 79 and 37 mm − 2 in the cross sections of non-EMS and EMS specimens respectively. This indicates that EMS removes the inclusions in melts especially larger ones and improves cleanliness. Observing the inclusion distribution in Fig. 1 , it appears that the particles are pushed by the solidification front towards the residual melt, and the inclusions are mostly located in the intergranular regions after solidification. Therefore, the distribution of inclusions can be influenced by the shape of growing dendrites. With strong stirring, there are more intergranular regions caused by the refinement of grains, which improves their homogeneous distribution. Moreover, EMS results in a strong centrifugal force which makes large inclusions to aggregate and float to the surface before solidification. As discussed above, EMS has a considerable influence on inclusion behavior and final cleanliness of the cast ingot. Figure 3 shows the phase diagrams of the experimental steels, we found that aluminum addition is an important factor in the formation of inclusions, hence we calculated the phase diagram in the case of Al-free and 0.1% Al addition respectively considering the existence of oxygen. The diagrams in Fig. 3 reveal that the aluminum addition changes the composition of the inclusions from spinel to corundum in the first stage of solidification. Without aluminum addition, the inclusions tend to be MnO.Cr 2 O 3 spinel, as shown in Fig. 3(a) . Since the purpose of aluminum addition is to exclude oxygen, corundum composed of Al 2 O 3 is formed before the solidification of ferrite and austenite in the steel with 0.1% Al, followed by a MnO-Cr 2 O 3 -Al 2 O 3 spinel precipitated below 1 200°C, as shown in Fig. 3(b) .
When the cobalt content is in a certain range, the cooling route will not pass through the region of single austenite, but a coexisting region of austenite and ferrite, as shown in both Figs. 3(a) and 3(b) . Austenite nucleates and grows around the grains of δ ferrite. The region of austenite contains more carbon than the δ -ferrite, leading to the formation of carbides during the solidification process. Therefore, a region containing a lot of carbides is formed outside the grains of δ ferrite, this kind of structure is presented in Fig.  1(b) . Compared with α-ferrite grain, δ -ferrite grain has a much fewer amount of carbides and inclusions to strengthen its structure, and acts as a weak point under stress and leads to the decrease of mechanical properties. The temperature range of the single austenite region increases with increasing cobalt content. A high cobalt content leads a cooling route only through the single austenite region, which suppresses the formation of δ -ferrite grains. Since δ -ferrite grains are harmful to the mechanical properties, a high cobalt content tends to benefit the enhancement of mechanical properties. Figure 4 shows the compositions of a series of inclusions analyzed by EDS in the specimens of different experimental conditions. Most of the inclusion particles contain no cobalt.
Also, there is no evidence that the increase of Co content has a direct impact on the composition of inclusions (Figs. 4(a),  4(b) ). The inclusion constituents observed in experiments are accordant with the phase diagrams shown in Fig. 3 . Most of the inclusions belong to two kinds, one is MnO.Cr 2 O 3 spinel, and the other is Al 2 O 3 corundum. A few sulfide inclusions are found in the specimens without EMS, which are identified to be (Mn, Fe)S, as shown in Fig. 4(c) . Spinel is the main kind of inclusion in both the non-EMS and EMS specimens (Figs. 4(a), 4(b) ). The spinel-type inclusions in non-EMS and EMS specimens have a similar composition except the content of aluminum and sulfur. The inclusions in the non-EMS specimens have a higher percentage of aluminum and sulfur compared with the EMS specimens. The spinel-type inclusions containing aluminum are identified to be MnO-Cr 2 O 3 -Al 2 O 3 spinel. There are also iron and silicon elements contained in a few spinel-type inclusions, indicating a combination with FeO or SiO 2 (Fig. 4(d) ). All the corundum-type inclusions are observed in the specimens solidified without EMS, indicating that this type of inclusion is easier to be excluded by EMS. Figure 5( Figure 5(c) shows two inclusions, the right one also appears to be a facet-like shape. The EDS result in Fig. 5(d) . In some cases, these spinel particles appear to be facet-like shape with several edges. Whereas the spinel inclusions can also be spherical particles, as shown in Figs. 6(a)-6(d) a higher temperature, it combines with other elements at a lower temperature. Figure 7(a) shows the morphology of two inclusions in 6%Co steel without EMS, one is an irregular shaped particle and the other is a facet-like shaped particle, their EDS results are shown in Figs. 7(b) and 7(c) respectively. According to the proportion of elements, the two inclusions are both identified to be Al 2 O 3 corundum. The Al 2 O 3 corundum is a product of the exclusion of oxygen by aluminum addition. Figure 8(a) shows the mass fraction of spinel changing with temperature in the Al-free steels with different cobalt content. The mass fraction of spinel increases with decreasing temperature in the range of 1 230-1 480°C. Comparing with the phase diagram, the fraction curve indicates that the spinel inclusions are formed during the process of solidification, which means that the spinel inclusions can be pushed by solidifying front to the residual melt, and also can be pushed by the forced flow under EMS. Instead of spinel, corundum is formed in the steels with aluminum addition. Figure 8(b) shows the mass fraction of corundum in the steels with 0.1% Aluminum. The corundum is formed in the temperature range of 1 230-1 900°C. The fraction curve indicates that the corundum inclusions are formed mostly before the solidification of ferrite and austenite, which means these inclusions are easier to be excluded by floating up to the surface. As a result, the corundum-type inclusions has a much smaller amount than the spinel-type inclusions. Although the discrepancy in cobalt content does not change the final mass fraction of spinel and corundum inclusions considerably, it changes their forming temperature. At the same temperature in the early stage of solidification, the mass fraction of spinel decreases with increasing cobalt addition, whereas the mass fraction of corundum increases with increasing cobalt addition.
Due to the higher forming temperature, corundum have a longer time to exist in the liquid melt before solidification, hence corundum has enough time to float up to the surface and is easier to be excluded by EMS. Most of the corundumtype inclusions shown in this work are formed in the specimens cast without EMS, EMS specimens contain mainly Al-free particles, indicating that most of the corundum-type inclusions are excluded by EMS.
Effect of EMS on the Mechanical Behavior at Elevated Temperatures
The stress-strain curves tested at 800°C are shown in Fig.  9(a) . The curves of 6% Co and 12% Co steels show a much higher fracture strain than that of the 3% Co steel, indicating that high cobalt addition improves ductility at elevated temperature. EMS also enhances the ductility, since the specimens with EMS have a higher fracture strain compared with that without EMS. With the effect of EMS, the 6% Co and 12% Co steels reach a fracture strain up to 28%. Besides, EMS tends to reduce the ultimate tensile strength (UTS) in all the three steels with different compositions, leading to the drop of UTS about 10-20 MPa at 800°C. Moreover, the 12% Co steels have a higher UTS compared with the specimens with lower Co content, and the 3% Co steel with EMS has a smallest UTS. The enhancement of UTS by increasing cobalt content can be partly caused by the early suppression of the δ -ferrite formation. The grain of δ -ferrite is large and has few carbides or inclusions for strengthening, which acts as a weak point under stress and leads to the decrease of UTS. As revealed by the phase diagrams in Fig. 3 , increasing cobalt content enlarge the γ -austenite region and reduce the δ -ferrite region, which suppresses the formation of δ -ferrite grain, leading to an improvement of UTS. The stress-strain curve is smooth for most of the specimens, indicating a continuous yielding without a distinct yield point. However, there is a spikelike yielding point presented in the curve of 6% Co sample prepared without EMS, which might indicate a discontinuous yielding. This phenomenon occasionally occurred in the tensile test of samples without EMS, while the EMS specimens always exhibited continuous yielding. According to the theory of Cottrell and Bilby, 27) the occurrence of discontinuous yielding is attributed to the lack of mobile dislocations locked-in by interstitial carbon and nitrogen atoms. The specimen without stirring have a relatively lower fraction of eutectic region in the microstructure compared with the EMS specimen (as shown in Fig. 1 ), indicating that the fraction of carbides is lower in the non-EMS specimen. This means that the carbon content in the ferrite grains is higher in the non-EMS specimen due to fewer precipitated carbides. The average carbon contents in ferrite grain of 6% Co sample are measured by EDS to be 0.26 at% and 0.38 at% in the samples with and without EMS respectively. With higher carbon content in the ferrite grains, the carbon interstitial atoms clustered around the dislocations have a higher chance to generate a discontinuous yielding. Another possible reason might be the large inclusions in non-EMS specimens. A few inclusions even have sizes larger than 20 μm (Fig. 2) . These large inclusions have a chance to generate microcracks under certain stress, which actually reduces the cross-section area of the tensile-test specimen and thus leads to a drop in the stress-strain curve (The stress and strain in Fig. 9 are engineering values). Figure 9 (b) shows the ultimate tensile strength (UTS) and the yield strength (YS) tested at 20°C, 600°C, and 800°C respectively. Both the UTS and YS decreased significantly with increasing temperature. The UTS at room temperature ranges from 520 to 620 MPa, and ranges from 120 to 160 MPa when tested at 800°C. As revealed by Fig. 9(b) , both EMS and the cobalt content affect the value of UTS. At room temperature, the EMS specimens show a UTS of about 50 MPa lower than that without stirring, which in turn enhance the elongation. The decrease of UTS can be partly caused by the exclusion of inclusion particles by EMS, since the tiny inclusion particles can provide additional precipitation strengthening in some cases. As shown in Fig. 9(b) , both the ultimate tensile strength (UTS) and yield strength (YS) generally increase with increasing cobalt content at room temperature and 800°C. At room temperature, the 12% Co steel has the highest UTS up to 615 MPa. The UTS is enhanced when the cobalt content is increased from 3% to 12%, which is similar to the trend tested at 800°C. However, the trend of YS is different from the UTS at 600°C: The EMS specimens have relatively lower UTS values compared with specimens without EMS, but the EMS specimens have higher YS values. The YS of non-EMS samples decreases dramatically at 600°C when the cobalt content is higher than 6%. UTS also decrease greatly for the 12% Co specimen without EMS, which breaks at a low strain and stress. This fall of strength might be caused by the large inclusions and the porous defects in the steel without EMS. Figure 10 shows the morphology of the ductile fractures after tensile tests at 600°C and 800°C, which are all common dimple structures indicating a ductile fracture in all the tests. The size of dimples has a relation with the ductility of the matrix, and also can be influenced by the inclusion particles. As temperature increases from 600°C to 800°C, the dimples appear to be larger, indicating that the matrix ductility increases. We found inclusions in some of the large dimples, as marked in Fig. 10 . The size of inclusions in the non-EMS samples is relatively larger compared with the EMS samples. The EMS reduces the dimple size, it also leads to a smaller size discrepancy and homogeneous distribution of the dimples, which is probably caused by the grain refinement and the exclusions of large inclusions under the effect of strong stirring.
Conclusions
The effect of EMS and cobalt addition on the microstructure and mechanical properties of Fe-18Cr-2Ni-1Mo-0.2C-0.2Mn-0.1Si heat-resistant steels were investigated, and the main conclusions can be summarized as follows:
EMS refined the α -Fe grains by changing it from columnar form to a smaller equiaxed dendrite form. There was eutectic zone formed along the boundaries of α -Fe grains, which contains M 7 C 3 carbides. A kind of δ -ferrite grain with large ellipse shape was observed, which had much fewer amounts of carbide or particles inside to strengthen the structure, acting as a weak point under stress and harmful to the mechanical strength. Cobalt addition could enlarge the γ -austenite region and reduce the δ -ferrite region, which suppressed the formation of δ -ferrite grain and improved ultimate tensile strength.
The application of EMS on steels during solidification has shown a significant effect on the exclusion of large inclusions. There were mainly two kinds of inclusions generated in the solidification process, including the corundum and the spinel. Corundum is easier to be excluded by EMS due to high forming temperature and longer existing time in the liquid melt.
EMS reduced the ultimate tensile strength slightly and improved the ductility. EMS also reduced the dimple size in the fracture surface, leading to a smaller size discrepancy and homogeneous distribution of the dimples. These effects of EMS were mainly caused by the grain refinement and the exclusions of large inclusions.
